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Authenticity and traceability of food products are of primary importance at all levels of the production process, from raw materials
to finished products. Authentication is also a key aspect for accurate labeling of food, which is required to help consumers in
selecting appropriate types of food products. With the aim of guaranteeing the authenticity of foods, various methodological
approaches have been devised over the past years, mainly based on either targeted or untargeted analyses. In this review, a
brief overview of current analytical methods tailored to authenticity studies, with special regard to fishery products, is provided.
Focus is placed on untargeted methods that are attracting the interest of the analytical community thanks to their rapidity and
high throughput; such methods enable a fast collection of “fingerprinting signals” referred to each authentic food, subsequently
stored into large database for the construction of specific information repositories. In the present case, methods capable of
detecting fish adulteration/substitution and involving sensory, physicochemical, DNA-based, chromatographic, and spectroscopic

measurements, combined with chemometric tools, are illustrated and commented on.

1. Introduction

Since ancient times, food items have been manipulated and
altered by humans to improve their quality properties. The
number of food products placed on the market after being
modified to improve their organoleptic properties and pro-
long their shelf-life has increased significantly in the last
two centuries. Unfortunately, food manipulation for illegal
purposes (e.g., by using low-quality ingredients in the manu-
facture of products that are instead commercialized as high-
quality food) has also become a widespread practice. Food
adulteration, or “food fraud,” occurs when an ingredient
is partially or fully replaced with other food components
unexpected from the consumer and whose presence is not
indicated in the food label. Such a practice has become a con-
cern on a global scale not only for consumers but also for pro-
ducers and distributors and although it is not a new problem,

quantifying its economic and public health impact is still a
difficult task [1]. Globalization, urbanization, and consolida-
tion of manufacturing are only some of the instances that
contribute to the rapid growth of frauds. In particular, the
demands of expanding urban population require more com-
plex food production chains and global economics facilitate
criminal activity, since remoteness and anonymity are often
characteristics of some food supply chains [2]. On the other
hand, the awareness of consumers on their purchases, regard-
ing how, where, and when a food product has been produced,
is growing year by year. These concerns were the drivers
that prompted legislation to develop reliable procedures to
assess the quality and safety requirements of the whole supply
chain. The scandals concerning food security, such as bovine
spongiform encephalopathy (BSE) or the recent discovery
of the illegal introduction of horse into meat products,
have attracted media and consumer attention and further
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TaBLE 1: Types of food frauds [2].

Types Definition

Adulteration A component of the finished product is fraudulent

Counterfeit All aspects of the fraudulent product and packaging are fully replicated

Diversion The sale or distribution of legitimate products outside of intended markets

Overrun Legitimate product is made in excess of production agreements

Simulation Illegitimate product is designed to look like but does not exactly copy the legitimate product

Tampering Legitimate product and packaging are used in a fraudulent way

Theft Legitimate product is stolen and passed off as legitimately procured

contributed to the creation of food traceability tools. To ad-
dress this concern, several analytical methods, aiming at trac-
ing eventual contaminants and/or adulterating substances
introduced into foods, have been devised over the last years.

In general, the developed methods can use either the
microbiological or the chemical signals to spot any substitu-
tion or adulteration of a food product and can be classified
as targeted and untargeted. In the first approach, specific
and selected molecular markers are monitored during the
analysis to assess the presence or the absence of compounds
potentially related to food frauds. Untargeted methods are
based on a holistic approach and intend to provide informa-
tion about the whole food commodity typically as spectral
fingerprint, giving a simplified and overall picture of the food
under analysis. Afterwards, the entire dataset generated is
elaborated by means of advanced statistical tools, providing
information about the likelihood of adulteration. While a
targeted approach is based on standardized procedures and
methods, an untargeted analysis is deemed to be a rapid and
high throughput approach, although it suffers from a lack in
the standardization of the procedure.

Untargeted analysis is inherently able to provide a multi-
tude of data, subsequently stored into large databases, thus
enabling also retrospective analysis; thus it has gained an
increasing relevance over the last years [3, 4]. Different instru-
mental setups, aiming at standardizing analytical method-
ologies based on different detectors, have been explored in
the context of untargeted analysis, yet additional work needs
to be carried out in this field. Some guidelines have been
recently issued by the US pharmacopeia to assist scientists in
the development and validation of untargeted methods able
to discriminate between a typical and an atypical sample [5].

The establishment of guidelines for untargeted methods
is also among the objectives of the EU funded project Food
Integrity, particularly of work package 18 (see the website
https://secure.fera.defra.gov.uk/foodintegrity/index.cfm?sec-
tionid=21). The present review intends to give a brief over-
view of fast and easy-to-use analytical techniques employed
to assess authenticity of foods, with special reference to
fishery products. In particular, both microbiological and
chemical methods will be reviewed.

2. Food Frauds under the Spotlight

Food fraud is a wide term used to describe a widespread
problem that appears to be constantly rising in the last

decades. Since no statutory definition of the expression food
fraud existed at that time, in May 2009, the US Food and
Drug Administration (FDA) defined the Economically Moti-
vated Adulteration (EMA) as: “.. . The fraudulent, intentional
substitution or addition of a substance in a product for the
purpose of increasing the apparent value of the product or
reducing the cost of its production for economic gains.”
Spink and Moyer [2] distinguished seven types of food
frauds as schematized in Table 1. According to the type of
alteration made to the food product, frauds can have different
wording, such as adulteration, counterfeiting, diversion of
products outside the intended markets, overrun, simulation,
tampering, and theft.

By definition, adulteration is a food product modification
that results in a change of the identity and/or purity of the
original ingredients, performed by substituting, diluting, or
modifying them by physical or chemical means [6]. As an
example, food can be adulterated by the introduction of an
inert material or even of dangerous substances as such a
practice can lead to an increase of the economic profits of
the producer [45]. In the last 15 years, fraudulent events
have occurred regularly, generating economic, ethical, safety,
and socioreligious effects [45, 46]. In this regard, Moore et
al. described in their paper a comprehensive compilation of
information about food fraud ingredients into a database [6].
The authors analyzed scholarly journals, media, and other
reports to obtain useful information to develop the database.
Figure 1 shows an overview of the ingredients most subjected
to frauds.

Adulteration of foods is the most common type of food
fraud encountered in the market. One of the most clamorous
examples of food adulteration dates back to 2003, when chili
peppers were altered through the addition of Sudan Red dye,
resulting in a product with a lower cost [47]. Both Para Red
and Sudan dyes are commonly used for nonfood purposes
and their use in food and feed is illegal, since Sudan dyes have
been classified as genotoxic and carcinogenic [48]. In 2008,
dioxins, whose accumulation in the body causes a large array
of potential and dangerous effects to human health, were
detected in pork [49]. Another case that burst out in 2008
was melamine addition to milk powder [50]. Melamine is a
nitrogen-rich organic base normally used in plastic industry
and its addition in milk aimed at boosting the apparent
protein content of milk with a consequent increase in profits
[51]. More recently, in 2013, a food fraud consisting in the pro-
cessing of beef-based products with horse meat emerged [52].
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FIGURE 1: Comprehensive overview of food fraud ingredients referred to the period of 1980-2010, based on data obtained by Moore et al. [6]

by analyzing scholarly journals, media, and other reports available.

Meat adulteration can infringe religious practices in Muslim
and Jews populations that make their food choices on the base
of the absence of pork and pork derivatives to ensure a pork-
free diet. Likewise, Hindu populations avoid beef and beef
products; therefore it is important to guarantee beef meat-free
products [53].

Counterfeit alcohol is a well-known phenomenon, espe-
cially in cold countries. In the past years, several cases of
methanol poisonings with counterfeit spirits have occurred in
different regions of Russia, causing the death of many
people and drawing attention once more to the problem of
unrecorded alcohol consumption in the Russian Federation
(54, 55].

Another food fraud case recently recorded affected roast-
ed coffee. Coftee is one of the most popular beverages world-
wide and adulteration of roasted coffee is common practice
to reduce costs [56, 57]. Illicit manipulations can concern not
only the quality of beans in terms of species, geographical
origin, and defective beans but also the addition of non-
declared natural substances (coffee husks and stems, corn,
barley, chicory, wheat middlings, brown sugar, soybean, and
rye) to coffee blends in order to make them less expensive
[57].

3. Analytical Methods for Food
Authenticity and Traceability

The ever-increasing food frauds and the sophisticated manip-
ulation of food items have encouraged researchers to develop
new and advanced analytical methods for food authenticity
testing [58]. Nowadays, there is a demand for fast, accurate
and easy-to-use approaches aimed at enriching the paucity
of information derived from classical analytical methods and
tracing new contaminants and adulterating substances added
in food items. In general, food industries base their tests on

fast and high throughput screening techniques, as in the case
of spectroscopy combined with multivariate chemometric
techniques for food quality testing [59-61]. Several studies re-
porting spectroscopic methods applied to various food com-
modities have been described in the literature. They represent
one of the most powerful discriminating tools for food au-
thenticity. In 2014, Nunes [62] applied near, mid, and Raman
infrared spectroscopy to detect adulteration and to evaluate
the quality of edible fats and oils, combining the final data
with statistical multivariate analysis. In 2017, UV-VIS spec-
troscopy was used as a testing approach to distinguish pome-
granate molasses from the date syrup [63]. In 2016, meat fraud
characterized by nonmeat ingredient addition, including
salts, carrageenan, maltodextrin, and collagen, was detected
using ATR-FTIR spectroscopy and the purpose of this
adulterant manipulation was to increase the water holding
capacity in bovine meat [64]. In another paper, the same
approach was used as a tool for unifloral honey authentication
[65].

In 2017, an application of diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) and chemometric
techniques was proposed to detect the illicit adulteration
of saffron with six characteristic adulterants of plant origin
[66]. Another paper reported the employment of a fast and
relatively inexpensive method based on near-infrared (NIR)
spectroscopy in combination with chemometrics for the dis-
crimination between authentic South African and imported
and/or adulterated honey [67]. More recently, a combination
between total reflectance Fourier transform mid infrared
(ATR-FTIR) spectroscopy and multivariate techniques has
been applied to the straightforward quantification of the main
fruits in four most-consumed nectar flavours in Brazil (grape,
peach, orange, and passion fruit) adulterated with syrup,
apple, and cashew [68].



As far as food traceability is concerned, DNA barcoding
has been the election technique so far. For instance, DNA
barcoding analyses were carried out for biological specimens
attribution and identification of both raw materials and
processed food [69]; for investigation of herbal product
integrity and authenticity, excluding product substitution
and contamination [70]; and for detection of mislabeled
commercial fish products [71]. In this regard, a recent work
proposed an analysis based on DNA barcoding to investigate
labeling nonconformities on fishery products imported from
third countries into the European Union [72]. Other authors
utilized the principles of the DNA barcoding to detect
mislabeling of fish in Japanese restaurants and fish markets
in Brazil [73]. Furthermore, DNA barcoding shows high and
promising potential to be used for species identification in
processed products; for instance, in recent times, the ability
of DNA barcoding to identify meat and poultry species
in food products and to compare the results of full-length
and mini-barcoding was proposed [74]. Although DNA
barcoding was traditionally developed to identify fish and
animal species, in a recent work, such approach has been
adopted to detect adulteration of commercial sea buckthorn
(Hippophae) products. Due to their putative health benefits
and nutritional value, sea buckthorn berries have been used
in about a variety of commercial products, such as food,
fresh juice, beverages, herbs, nutraceutical products, and
cosmetics. The presence of adulterants may lead to variation
in efficacy of the bioactive components and possible loss of
consumer trust. For this reason, there is a necessity for a rapid
and accurate identification and authentication of Hippophae
species in commercial products and DNA barcoding can
address this issue [75].

In the food sector, mass spectrometry approaches have
been applied to address food quality and authenticity. Mass
spectrometry can be employed for the assessment of cheese
safety; since during the dairy process microorganisms and
mycotoxins can accumulate and affect final cheese quality,
the use of HPLC-MS techniques allows the detection and
quantification of selected mycotoxins [76]. Moreover, milk
proteins constitute the major target for MS-based approaches
to assess milk traceability and authenticity [77-80]. In this
regard, a recent work published by Nardiello et al. shows po-
tentials of a proteomic workflow based on multienzyme di-
gestion followed by nano-LC-ESI-IT-MS/MS analysis for
milk authenticity [81].

In a different application field, head-space solid-phase
microextraction- (HS-SPME-) based method coupled to two-
dimensional gas chromatography-time-of-flight mass spec-
trometry (GC x GC-TOF-MS) was applied for fast trace-
ability of honey origin based on volatile pattern [82]. In the
same years, a new analytical approach based on the coupling
between Direct Analysis in Real Time (DART) ionization
source and different types of mass spectrometers was pro-
posed for authentication and traceability of several food items
such as meat, beer, and olive oil [83-86]. DART coupled to
high-resolution mass spectrometry (HRMS) was also applied
for the discrimination among different types of milk obtained
from various farm animal species (cow, goat, and sheep), the
distinction between cows” milk produced in conventional and
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organic farming, and the detection of vegetable oil added to a
milk-based product (soft cheese) [87]. In addition, such novel
coupling based on a DART-QToF-MS analysis combined
with chemometrics was applied for qualitative identification
and confirmation of chemical components from authentic
samples of four different species of cinnamon [88].

In conclusion, different analytical techniques can be used
to promptly detect food frauds, and often the combination
of data obtained with different techniques can be even more
successful and promising.

4. Frauds in the Seafood Market:
General Aspects and Legislative Framework

In the last years, increasing knowledge of the benefits related
to fish consumption, especially for the high content in poly-
unsaturated fatty acids (the so-called PUFA), has contributed
to a growing demand of either fresh or processed seafood
products, with a consequent increase in the manipulation and
adulteration of these foods. From a general point of view, the
seafood supply chain is divided into two categories: edible
lamellibranch molluscs (e.g., mussels and clams) and fishery
products (e.g., fish and crustaceans). According to the specific
product, the production may rely on capture if in the open sea
(wild type species) and/or on aquaculture systems (farmed
species). Both wild-type and farmed species represent an
excellent source of nutritive components, but their chemical
composition contributes to the high perishability of the
product. Degradation processes like oxidation and hydrolysis
which may occur during several steps of the supply chain like
processing, transportation, and/or storage, and contaminants
of biological (virus, bacteria, toxins, parasites) or chemical
origin (heavy metals, mercury, and lead) can be a concern for
the product quality and safety. Safety control measurements
are different and depend on the type of capture, whether it
occurred in open sea or in aquaculture tanks. Each stage
along the fishery supply can pose a risk for fish safety; thus
the cold chain, the traceability, and the labeling must not be
interrupted in order to preserve consumers’ health. As a fur-
ther, relevant concern, label falsification and manipulations in
the context of seafood products are continuously growing due
to economic interests [89]. In addition, the consumption of
products including an ingredient not mentioned in the label
can cause serious and sometimes even fatal effects, as in the
case of allergenic substances introduced into a food without
the consumers’ awareness [90].

In order to safeguard the consumers’ health, a new label-
ing regulation for fishery and aquaculture products empha-
sizing the commercial and scientific name, the modality of
production (capture or aquaculture), and the geographical
origin of a seafood product has been issued in 2000 in the
European Union [91]. This regulation provides a good and
helpful set of information for the consumers who can be
aware of the qualitative, geographic, and productive features
of fishery items. Moreover, a system for the traceability of
food (including fishery and aquaculture products) and feed
producers has been set up by the European Food Safety
Authority (EFSA) to assure food safety at all stages. In Regula-
tion 882/2004, issued by the European Parliament and the



Journal of Food Quality

Council on 29 April 2004, all the official controls (OCR)
to be performed in order to ensure the verification of com-
pliance with feed and food law, animal health, and animal
welfare rules were detailed. In particular, article 53 of the
regulation gives the Commission the mandate to recommend
coordinated plans annually launched in accordance with a
program; such plans should be organized on an ad hoc basis,
in particular to establish the prevalence of hazards in feed,
food, or animals [92]. The implementation of regulations on
traceability and certificates of origin of fish products becomes
more problematic when they concern foods imported from
developing countries. In this regard, article 58 of the EC Reg-
ulation 1224/2009 requires that “all lots of fishery and aqua-
culture products must be traceable at all stages of produc-
tion, processing and distribution, from collection to the retail
stage.” However, a recent study on the traceability require-
ments of seafood products applied in several countries has
concluded that traceability of this category of products is still
facing serious challenges, highlighting a lack of information
on routine audits of traceability practices. In recent times,
Regulation 1169/2011 of the European Parliament and of the
Council, issued on 25 October 2011, concerning Food Infor-
mation to Consumers (FIC), and Regulation (EU) 1379/2013
on the Common Market Organization of fishery and aquacul-
ture products (CMO) gave a more extensive legislation frame-
work about identification and labeling of fishery and aqua-
culture products [93, 94]. In particular, regulation 1379/2013
contributed to the implementation of the traceability proto-
cols for these products, indicating that “for the purpose of
consumer protection, competent national authorities should
make full use of available technology, including DNA testing,
in order to deter operators from falsely labeling catches” [92].

Due to the increasing number of food frauds afflicting
the European market with constantly increasing illicit profits
[95], a big effort has been made in the European Union
to limit falsification and adulteration of food commodities
and seafood products are certainly among the latter. The
fishery and aquaculture products were identified by the
European Commission and Member States’ experts as a high-
risk commodity in terms of frauds, the most common fraud
being fish species substitution [96]. To contrast frauds, some
measurements were taken related to seafood products and in
2015 a control plan was coordinated at the European Union
level to assess the presence on the market of mislabeled white
fish [96]. The plan was part of the Commission follow-up
of the horse meat crisis in 2013, including the systematic
check of fraudulent activity in a certain sector as one of the
actions. The type of sampling and the methods to be used for
the official analysis were also specified in Recommendation
1558 issued in March 2015. In particular, samples were taken
at different stages of the supply chain (for a total number
of 3906 samples, belonging to over 150 white fish species)
and subjected to analyses based on several biochemical tech-
niques, namely, Isoelectric Focusing (IEF), Polymerase Chain
Reaction-Restriction Fragment Length Polymorphism (PCR-
RFLP), DNA-barcoding, and Real Time-Polymerase Chain
Reaction (RT-PCR) (uniplex or multiplex). The aggregated
results can only give an idea of the situation concerning
mislabeled white fish on the EU market. Actually, the adopted

methods are just some of those available to assess fish
authenticity, which will be described in detail in the next
section.

In this context, the development of sensitive and fast
analytical methods to assess authenticity, which are able to
deliver a result in the shortest time possible, is an urgent need.
The new methods have to integrate the traditional informa-
tion derived from classical techniques with those obtained
from a food fingerprinting analysis in order to build robust
models associated with authentic foods.

5. A Comprehensive Overview of Analytical
Methods for Fish Authentication

5.1. Biological Methods. Traditionally, microbiological meth-
ods have been applied to evaluate the presence or absence of
microorganisms of public health interest in food products.
If, on one hand, microbiological methodologies have been
widely used for the detection of pathogenic microorganisms
in fish, on the other hand microbiological data cannot provide
complete information about the quality and freshness of a
food product [7]. Another traditional and common method
to assess fish quality is based on sensory analysis [8], whose
limitation is the subjectivity of judgment, although the per-
ceptive conditions are strictly controlled.

The analyses of fish and seafood have traditionally been
performed using targeted species-specific methods based on
electrophoretic or chromatographic separations or on im-
munological tests [97-99]. Some common methods include
Isoelectric Focusing (IEF), capillary electrophoresis (CE),
high-performance liquid chromatography (HPLC), and im-
munoassays. In 2002, Chen and Hwang [23] compared ex-
tracts obtained from sarcoplasmic, myofibrillar, SDS-solu-
ble, and urea-soluble proteins by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with Coo-
massie blue/silver double staining for species identification
of puffer fish. An inappropriate labeling of several fish
species, commercially sold under the general label “perch,”
was revealed using Isoelectric Focusing (IEF) and two-di-
mensional electrophoresis (2-DE) for the correct fish identi-
fication [24]. Moreover, two-dimensional electrophoresis (2-
DE) associated with one-dimensional electrophoresis (1-DE)
was used to discriminate wild-type from farmed cod muscle
fillets under different modality of fish production [25].

However, since several proteins are thermolabile, these
methods are not always applicable to thermally processed fish
products.

Several immunological tests based on enzyme-linked
immunosorbent assay (ELISA) tests have been also reported
in literature and used to detect mislabeling of fish products
[26-28]. ELISA may prove to be useful even in heat-sterilized
products, although they are ineffective at differentiating
loosely related species and require the development of anti-
bodies directed against the specific protein of interest.

The use of DNA-based methods has a number of advan-
tages over protein-based methods, including greater speci-
ficity, sensitivity, and reliable performance even with highly
processed samples [100]. Although DNA molecules can also
degrade during thermal treatments, they are more resistant



than proteins; thus methodologies based on DNA analysis
have been extensively reported in literature. The DNA-based
methods present several advantages, such as high sensitivity,
high specificity, large-scale throughput, and the possibility to
apply different types of analyses on the same species (e.g.,
PCR, sequencing, cloning, and phylogenetic analysis) [101].
DNA-based methods have been widely applied, especially for
the identification of fish species. Traditionally, identification
of species was carried out through the evaluation of external
characteristics. However, this morphologic evaluation is use-
ful for the whole fish, but it is not applicable to processed fish
products, normally exposed to filleting, beheading, and/or
skinning [102]. The presence of species-specific polymor-
phisms due to the several mutations normally occurring in
the genome [103] has encouraged researchers to develop a
variety of DNA-based methods for fish species identification.
Some methods include the use of PCR together with the
restriction fragment length polymorphism (RFLP) [9], foren-
sic information nucleotide sequencing (FINS) [10], polymor-
phism of the length of the amplified fragment (AFLP) [11],
or single-strand conformational polymorphism (SSCP) [12,
13]. These techniques have been applied to the identification
of numerous species of fish and seafood, including gadoids
[14], flatfish [15, 16], salmonids [11, 104], scombroids [105,
106], sardines and anchovies [107, 108], eels [109], and
mollusks [110, 111]. More recently, a study based on the use of
pyrosequencing as a rapid fish tool for species identification
has been published [101]. DNA barcoding has also been
widely used but especially for species identification [17-19].
A recent study based on the DNA barcoding approach was
applied to reveal the incorrect labeling of imported fish
products in China, amplifying the mitochondrial cytochrome
C oxidase 1 (COI) gene of the target fish to demonstrate
the correspondence to the morphological identification [20].
More recently, DNA barcoding analysis and comparison of
sequence of COI and Cytb gene fragments with the NCBI
gene references and the BOLD databases have shown that
40% of processed fish products purchased in local market
were correctly labeled, while 60% of the total processed fish
products were recorded as mislabeled [21].

Since biological methods based on sequencing are time-
and sample-consuming, in a recent study, a fast Short Ampli-
con High-Resolution Melting Analysis (SA-HRMA) method
was developed for the authentication of Atlantic cod (Gadus
morhua L.), representing one of the most consumed fish
worldwide and a fish species exposed to fraudulent substitu-
tions by a less valuable one [22].

It is important to stress that DNA-based molecular meth-
ods are generally unable to distinguish between organisms
of the same species which come from geographically close
populations due to the gene flow between these populations
(112, 113]. An exception might be represented by the PCR-
denaturing gradient gel electrophoresis (DGGE) performed
on the bacterial communities living on the surface of fish
products, which has been to date the most widely used
molecular tool for the determination of geographic origin
[114-117]. The rationale behind this method lies in the fact
that different bacterial communities are associated with
organisms of different nature and geographical position. With
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the exception of this molecular technique, geochemical tools,
in particular the fingerprinting of trace elements (TEF), are
generally employed to distinguish entire populations using
the elementary profile of mineral structures [118, 119]. The
TEF is a reliable and accurate method, especially to distin-
guish samples belonging to geographically close populations
[120-122].

5.2. Chemical Methods. Other than molecular methods,
several strategies based on spectroscopic techniques have
been adopted to verify the integrity and/or assess the con-
tamination of seafood products. In 2007, Smulevich and
collaborators investigated the presence of carbon monoxide
(CO) in tuna fish, fresh or frozen, by optical spectroscopy,
since carbon monoxide is used for illegal stabilization of fresh
colour in meat and fish [123].

The detection of possible falsification, fraudulent alter-
ations, and substitution of high-quality fish with lower valu-
able species can be ensured by innovative and straightforward
methods. Near-infrared (NIR) spectroscopy and imaging
techniques represent useful technologies adopted for the
evaluation of fish quality thanks to fast speed, noninvasive-
ness, ease of use, and simple sample preparation [29]. Several
Authors have applied NIR spectroscopy to solve adulteration
issues. Uddin and coauthors described NIR spectroscopy
analysis combined with multivariate statistic data treatment
applied to the differentiation of fresh from frozen fish fillets,
since a fraudulent substitution of fresh costly fish with
frozen and less valuable fish often occurs [30]. Near-infrared
spectroscopy (NIRS) coupled with different chemometric
techniques was applied for discriminating wild from farmed
sea bass samples [31]. In conclusion, it was found that NIR
spectroscopic-based analysis can turn out to be a reliable tool
for fish authentication in terms of mislabeling and fraudulent
species substitutions, thus limiting the risk on human health
[32]. A work published in 2018 demonstrated the capability of
a handheld NIR device in distinguishing fillets and patties of
Atlantic cod (Gadus morhua) from those of haddock (Melan-
ogrammus aeglefinus) in comparison with a FT-NIR benchtop
spectrometer, helping in improving commercial fraud fight
[33].

Untargeted approaches have also been applied to specific
issues related to fish authentication.

Lipid analysis has traditionally been important in biology
and chemistry, because lipids are essential components of
cell membranes and tissues; therefore they have often been
used as biomarkers [124]. The composition of fatty acids (FA)
contributes to the regulation of the fluidity of cell membranes
and is known to adapt to physical-chemical conditions of the
environment [125]. Furthermore, the diet of aquatic organ-
isms varies according to the habitat and the ecosystem, thus
influencing the composition of FA in the organism [126, 127].
In particular, organisms obtained by capture may have a
quite different feeding regime compared to those farmed in
aquacultural plants. In the work of Masoum and colleagues,
fish oils were analyzed by NMR analysis to discriminate
between wild and farmed salmons, and Support Vector
Machines (SVMs) were used as a novel learning machine in
the authentication of the fish origin [128]. The method proved
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to be able to distinguish correctly between wild and farmed
salmon and was able to assign the correct country of origin in
95% of the cases. In another study, Bayesian Belief Networks
(BBN) for the classification of wild versus farmed Atlantic
salmon (Salmo salar L.) were applied to a dataset based
on the distribution, obtained using gas chromatography of
12 fatty acids (FAs), derived from 131 salmon samples with
several geographical origins [129]. To minimize the effect of
seasonality associated with the diet, it is important to use, for
the analysis, tissues rich in polar lipids, such as the adductor
muscle of bivalves, which are less prone to changes in the diet
(130, 131]. Muscle lipids from 195 Atlantic salmons of known
origin (wild and farmed salmon from Norway, Scotland,
Canada, Iceland, Ireland, the Faroe Islands, and Tasmania)
were analyzed by >C NMR spectroscopy and the resulting
data were processed by multivariate analysis. Both proba-
bilistic neural networks (PNN) and support vector machines
(SVM) provided excellent discrimination (98.5 and 100.0%,
resp.) between wild and farmed salmon. Discrimination with
respect to geographical origin was somewhat more difficult,
with correct classification rates ranging from 82.2 to 99.3% by
PNN and SVM, respectively [132].

One of the main limitations of biochemical analysis is
that lipids are susceptible to oxidation, which prevents their
monitoring in processed products. A different example of
nontargeted approach applied to the differentiation of wild
and farmed salmons, not based on lipid fingerprinting, was
described in 2010 by Anderson et al. [133]. In this work, the
authors reported the chemical profiling of two populations of
salmons performed by combining elemental profiles or C and
N stable isotope ratios with various modeling approaches.
Isotopic and compositional analyses of carbon and nitrogen
were performed using mass spectrometry as an alternative
fingerprinting technique. All the developed predictive mod-
els performed well, with the percentage of samples classified
correctly, depending on the particular choice of model and
evaluation method used.

Among other analytical approaches, mass spectrometry
represents a potentially powerful and reliable technique for
fish authentication, yet it is still underexploited. In 2014, a
detailed characterization of fish-specific protein expression
profiles was obtained by coupling two-dimensional elec-
trophoresis with tandem mass spectrometry [36]. In the same
year, the use of isotope ratio mass spectrometry (IRMS) was
employed to detect the mislabeling of fish origin [43], since
IRMS is the technique of election for discriminating the
geographical origin of a product. IRMS was also applied to
the discrimination between wild and farmed Atlantic salmon,
so that farmed salmon escaping from aquaculture sites could
be promptly identified [44]. In 2008, Mazzeo et al. [39]
used the MALDI-TOF-MS analysis of protein extracts from
muscle tissue to draw molecular profiles that could be used to
distinguish fish species.

More recently, Wulff et al. [37] worked on the develop-
ment of a new robust, proteome-wide tandem mass spec-
trometry method based on a simple and standardized work-
flow, which considers protein extraction, digestion, and data
analysis for fish authenticity.

In 2017, a new mass spectrometry technique based on rap-
id evaporative ionization (REIMS) was applied to determine

the fish species of the samples in real time, unlike most forms
of analytical systems employed for such studies. Additionally,
this study demonstrated the possibility of distinguishing
between different catch methods within a species, an aspect of
fish fraud which is well known but has never been previously
reported [38]. Ever in 2017, a protein fingerprint database
of common food fish obtained by application of MALDI-
TOF MS was developed [40]. The database contained protein
patterns of common food fish prone to substitution. Indeed,
the substitution rate of fish is often dependent on the species
and particular species are subjected to more substitutions
compared to other species [40]. Ever in recent times, the
application of MALDI TOF MS was adopted to evaluate the
efficiency of various protocols for fish species identification
[41].

Other adulterations concern fish quality and freshness.
According to usual recommendations, “fresh” fish can be sold
as “fresh” fish for human consumption up to 10 days after
fishing [42]. In order to prevent food fraud and health risks
for consumers resulting from spoiled fish, a method based
on MALDI-TOF MS was employed for the determination of
the freshness and the identity of two trout species (rainbow
and brown trout), choosing the vitreous body of the eye as
sample material [42]. MALDI-TOF MS analysis enabled the
differentiation between storage periods and the interspecies
identification of brown and rainbow trout.

In conclusion, MALDI-TOF MS has a potential to be used
as an alternative to other DNA techniques herein presented
aiming at exploring genomic features or, in combination with
them, to reveal fish fraudulent substitutions.

An overview of the major biological and chemical ana-
lytical methods available for fish authentication is given in
Table 2.

6. Class-Modeling Methods for the Assessment
of Fishery Products Authenticity

As already emphasized throughout this review, chemometric
approaches represent a fundamental tool for the assessment
of food authenticity, especially when an untargeted analytical
method is applied to food characterization. A specific ensem-
ble of chemometric methods that have proved to be quite
reliable when applied to food authenticity assessment is rep-
resented by the so-called class-modeling methods [134, 135].
As a general concept, these methods verify the compliance
with the specification of a class (e.g., a geographical origin for
a food) starting from the definition of a multivariate enclosed
space for samples authentically belonging to the class of
interest. In many cases, they use the result of exploratory
techniques, like Principal Component Analysis, as a starting
point. SIMCA (soft independent modeling of class analogy)
[136], UNEQ (unequal dispersed classes) [137], and poten-
tial functions techniques [138] can be cited among class-
modeling methods that have been extensively exploited for
the assessment of authenticity or adulteration of several food
commodities, including olive oil, honey, alcoholic beverages
(wine, beer, and distilled beverages), soft drinks, coftee, milk,
cheese, meat, and vegetables (see [135, 139] and references
cited therein). Application of class-modeling methods to
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TABLE 2: Overview of biological and chemical analytical methods developed to assess fish authenticity.

Technique Purpose References
Evaluation of the presence/absence of
Microbiological methods pathogenic microorganisms for fish [7]
quality
Sensorv analvsis Evaluation of qualitative characteristics of (8]
¥ analy fish using the sensorial skills
PCR-SSCP, PCR RFLP,
FINS, pyrosequencing Identification of fish species [9-16]
analysis
. Identification of fish species; detection of
DNA barcoding fish mislabeling [17-21]
Biological methods Short Amplicon High Fraudulent substitutions of high
Resolution Melting consumed fish species with less valuable [22]
Analysis (SA-HRMA) ones
SDS-PAGE with Coomassie e .
blue/silver double staining Identification of fish species [23]
Isoelectric focusing (IEF)
and two-dimensional Detection of fish mislabeling [24]
electrophoresis (2-DE)
Two-dimensional
electrophoresis (2-DE) and Discrimination of wild type from farmed
. . [25]
one-dimensional fish fillets
electrophoresis (1-DE)
Enzyme-linked
immunosorbent assay Detection of fish mislabeling [26-28]
(ELISA)
Evaluation of fish quality; discrimination
. of wild type from farmed fish; detection of
Near—mfra(r;cllgsp)e ctroscopy fish mislabeling; fraudulent species [29-35]
substitutions; differentiation between
fresh/frozen fish fillets
Detection of seafood traceability, food
Tandem mass spectrometry safety, risk management, and [36, 37]
Chemical authentication analysis
methods Identification of fish species; distinction
REIMS among different catch methods within a [38]
fish species
Detection of species-specific biomarker
. for fish authentication; identification of
MALDI-TOF-MS analysis fish species and substitutions; evaluation [39-42]
of fish freshness
Isotope ratio mass Detection of mislabeling of fish origin;
spectrometry (IRMS); discrimination of wild type from farmed (43, 44]

stable isotopes analysis

fish

the assessment of authenticity of fishery products has been
limited so far. In particular, SIMCA has been applied, in
comparison with Linear Discriminant Analysis (LDA), to
distinguish more valuable fish species, namely, red mullet and
plaice, from cheaper ones (Atlantic mulled and flounder) and
even to recognize Atlantic mullet fresh fillets from frozen-
thawed ones, starting from FT-NIR data in both cases [34]. A
similar approach has been adopted more recently in another
study based on FT-NIR data, whose goal was to distinguish
fillets and patties of Atlantic cod from those of haddock [33].
Multivariate statistical tools comparing Hierarchical Cluster
Analysis (HCA), PCA, and PLS applied to the analysis of the

volatile organic fraction have been recently exploited for the
identification of seafood spoilage indicators [140].

In conclusion, it is reasonable to hypothesize that further
applications of class-modeling methods to the assessment
of seafood authenticity, starting from data obtained using
biochemical or mass spectrometric methods, will be reported
in the future.

7. Conclusions

The global issue of food fraud, affecting consumers, produc-
ers, and distributors, has generated the urgent need to have
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at disposal sensitive and standardized techniques capable of
a prompt detection of foods not complying with what was
declared. In this review, we provided an overview of the
current methods to assess authenticity of foods. Particular
emphasis was given to seafood products, since fish substitu-
tion or incorrect storage or transportation of such perishable
products is a frequent problem that might negatively impact
both the quality and safety of fish. Methods most widely
used for detection of fish adulteration/substitution, based
on sensory, physicochemical, DNA-based, MS-based, and
spectroscopic analyses combined with chemometric tools,
have been herein reviewed and discussed.
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